Abstract The nuclear localization signal sequence (NLS) of SV40 Large T antigen is essential and sufficient for the nuclear translocation of the protein. Phosphorylation often modulates the intracellular distribution of signaling proteins. In this study, we investigated effects of the NLSpeptide of Large T antigen on protein phosphorylation. When crude cell lysates were incubated with [c-32 P]ATP, phosphorylation of several endogenous substrates with molecular masses of 100, 80, 50, and 45 kDa by an endogenous kinase was stimulated by the addition of the wild type NLS-peptide (CPKKKRKVEDP). The mutated NLS-peptide (CPKTKRKVEDP) and the reversed NLSpeptide (PDEVKRKKKPC) are weak in the nuclear localization activity, and they only weakly stimulated phosphorylation of these substrates. The mobility of the 100 kDa phosphoprotein was indistinguishable with that of an endoplasmic reticulum (ER)-resident molecular chaperone glucose-regulated protein 94 (Grp94) belonging to the Hsp90 family, and purified Grp94 was phosphorylated by a kinase in cell lysates in an NLS-dependent fashion. The 100 kDa protein was identified as Grp94 by immunoprecipitation and reconstitution experiments. Purification of the NLS-dependent Grp94 kinase by sequential biochemical column chromatography steps resulted in isolation of two polypeptides with molecular masses of 42 and 27 kDa, which were identified as a and b subunit of protein kinase CK2, respectively, by western blotting analysis and biochemical characterization. Moreover, effect of an excess amount of GTP and V8 peptide mapping showed that the NLS-dependent Grp94 kinase in the cell lysate is identical with CK2. Surprisingly purified CK2 did phosphorylate Grp94 even without the NLS-peptide, suggesting that an additional suppressive factor is required for NLS-dependent phosphorylation of Grp94 by CK2. We suggest a possible general role for CK2-catalyzed phosphorylation in the regulation of NLS-dependent protein nuclear translocation.
Introduction
Nuclear localization of a protein in cells is determined by a balance between nuclear import and export of the protein through the nucleopore complexes on nuclear membranes. The transport of proteins between the nucleus and the cytoplasm is a signal-mediated process [1] . The nuclear import and export of proteins are both governed by specific amino acid sequence tags on cargo proteins. The peptide segments found to direct nuclear localization, the nuclear localization signal (NLS) sequences, were first identified in SV40 Large T antigen [2] and nucleoplasmin [3] . The NLS sequences in nuclear proteins are typically short stretches of a single series of basic residues (resembling the NLS of SV40 Large T antigen) or of two clusters of basic residues interrupted by a 10-12-amino acid spacer (bipartite NLS). They appear to be functional in various natural and artificial protein contexts, suggesting that NLS function is largely independent of the secondary/tertiary structure. A single replacement of a lysine (MT-NLS) in the sequence of SV40 Large T antigen NLS abolished the nuclear localization activity of the peptide [2, 4, 5] . In addition, a peptide with the reverse amino acid sequence (RT-NLS) of SV40 Large T antigen NLS shows only a weak NLS activity [6] , suggesting that the sequence, but not the composition, of the NLS-peptide is important for the nuclear localization activity.
Large proteins require assistance of nuclear transport factors to traverse the nuclear pore complexes. The NLS is recognized by the specific receptor system that consists of the tag-recognizing transport protein factors. Nuclear import of NLS-containing cargo proteins starts with the formation of a stable complex in the cytoplasm. This NLSdependent complex consists of two transport factors, importin (karyopherin) a and b [7, 8] . In general, importina recognizes the NLS and functions as an adaptor molecule to recruit the cargo on importinb, resulting a formation of a cargo-importina-importinb ternary complex [7, 8] . Recognition is also mediated by importinb or one of its homologues alone. Each member of importin family proteins recognizes a unique set of proteins or RNAs, creating multiple transport pathways. In addition, importinb can interact with components of the nucleoporins and functions as a carrier molecule [9] .
Protein phosphorylation constitutes the pivotal mechanism for the rapid and efficient regulation of the cellular process by inducing structural or functional changes of proteins involved in cellular signal transduction systems. Intimate links between phosphorylation and intracellular localization have been suggested for many signaling proteins [10] . Protein kinases and phosphatases both play key roles in modulating cellular distribution of proteins. It should be important to analyze the relationships between the signal-driven protein phosphorylation and protein nuclear translocation at a molecular level.
Protein kinase CK2 is a ubiquitous and essential protein kinase with pleiotropic substrates and function [11, 12] , but it remains unclear how CK2 activity is regulated in cells [13] . CK2 recognizes serine and threonine residues in an acidic environment and phosphorylates a broad spectrum of endogenous and artificial substrates involved in many cellular functions [14, 15] . The involvement of CK2 activity in malignant cell proliferation makes CK2 a promising druggable target for cancer chemotherapeutics [16] . CK2 activity is fluctuating in cells depending on the cell proliferation stage [11, 17] and circadian oscillation [18] [19] [20] , however, CK2 seems constitutively active when isolated. There should be unknown factors that suppress the basal CK2 activity in cells. It is important to unveil at a molecular level how CK2 activity is regulated in cells.
In this study, we investigated the possible link between the NLS and protein phosphorylation. We examined the effect of the NLS-peptide on protein phosphorylation in cell lysates. We revealed that glucose-regulated protein 94 (Grp94), an endoplasmic reticulum (ER)-resident member of the Hsp90 molecular chaperone family, was phosphorylated in an NLS-peptide-dependent manner. The NLS-dependent kinase was identified as CK2, and the NLS-dependency of Grp94 phosphorylation by CK2 was attributable to an additional factor in the cell lysates. The physiological importance of the NLS-dependent activation of CK2 is discussed.
Materials and methods

Antibodies, proteins, and peptides
Rabbit anti-Grp94 [21] and anti-CK2b [22] antibodies were previously described. The anti-CK2a antibody was raised against a peptide (CLKPVKKKKIKREIKILENLR) corresponding to the 70-89th amino acid residues of human CK2a [22] . Grp94 [23] and CK2 [24] was purified as described previously. WT-NLS (N-Cys-Pro-Lys-Lys-Arg-Lys-Val-GluAsp-Pro-C), MT-NLS (N-Cys-Pro-Lys-Thr-Lys-Arg-Lys-ValGlu-Asp-Pro-C), and RT-NLS (N-Pro-Asp-Glu-Val-Lys-ArgLys-Lys-Lys-Pro-Cys-C) were chemically synthesized with a model 430A synthesizer (Applied Biosystems) and purified by reverse-phase high performance liquid chromatography. The stock solutions of these peptides were prepared in water.
Preparation of cell lysates L5178Y and L cells were cultured in DMEM supplemented with 10% FCS in humidified air containing 5% CO 2 . Cells were collected and homogenized in Buffer A (50 mM Hepes, 1 mM dithiothreitol (DTT), 2 mM ethylenediaminetetraacetic acid (EDTA), 10% glycerol, and pH 7.4) containing protease inhibitors (1 mM phenylmethylsulfonyl fluoride, 2 lg/mL leupeptine, 1 lg/mL pepstatin A, and 10 lg/mL aprotinin). The homogenates were then centrifuged at 100,0009g for 30 min at 2°C and the supernatants were used as cell lysates.
Large scale purification of the NLS-dependent Grp94 kinase L5178Y cells were collected and washed three times with ice-cold PBS, and then ruptured in Buffer A supplemented with the protease inhibitors by a glass-Teflon homogenizer. The homogenate was centrifuged at 150k9g for 30 min at 2°C and the supernatant was saved as crude lysate. The lysate was cleared by passing through a 0.22-lm low protein binding Durapore-GV filter (Millipore) and applied to a ResourceQ column (GE Healthcare). After extensive washing, bound proteins were eluted with a liner gradient (0-500 mM of NaCl) in Buffer A. Active fractions were collected and desalted with a Fast Desalting Hitrap column (GE Healthcare). The sample was then charged to a POROS-heparin column (Perseptive POROS 20 HE1) equilibrated in Buffer A. After extensive washing, bound proteins were eluted with a liner gradient (0-1,000 mM NaCl) in Buffer A. Active fractions were collected, diluted in Buffer P (20 mM sodium phosphate, 1 mM DTT, and pH 7.2), and applied to a hydroxylapatite column (Pentax SH-0710M). After extensive washing, bound proteins were eluted with a liner gradient of phosphate (20-1,000 mM). Finally, active fractions were collected and applied to a MonoQ column (GE Healthcare) equilibrated in Buffer A and bound proteins were eluted with a liner gradient (100-1,000 mM NaCl) in buffer A.
Other procedures CK2 assay using a CK2-specific substrate peptide was performed as described [24] . L cell lysates were mixed with Con A (concanavalin A)-Sepharose affinity resin (GE Healthcare) and resin-associated Grp94 was removed by a centrifugation to obtain a Con A-flow through (Con A-FT) Grp94-free kinase fraction. Phosphorylation reaction was performed in a solution composed of 10 mM Hepes, 37 mM Tris-Cl, 0.2 mM DTT, 0.4 mM EDTA, 3% glycerol, 6 mM MgCl 2 , 40 mM NaCl, 32 lM ATP (58 kBq/ reaction; specific activity = 90 MBq/lmol), 25 lg/mL Grp94 (when indicated), pH 7.4, with or without 0.5 mM NLS-peptides. Immunoprecipitation with an anti-Grp94 antibody and V8 mapping of Grp94 were performed essentially as described before [23] . Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and western blotting analysis were performed as described [25] . Silver staining of SDS-polyacrylamide gels was performed using 2D-Silver Stain II kit (Daiichi Pure Chemicals).
Results
Induction of phosphorylation of several endogenous protein substrates in cell lysates by an NLS-peptide L cell lysate was prepared and phosphorylation by endogenous kinases was performed by incubating with [c-32 P]ATP. In the condition used, we observed only a little phosphorylation of endogenous substrates (Fig. 1a, lane 1) . The addition of 0.5 mM of the wild type NLS-peptide (WT-NLS, see Fig. 7a for the sequence) that shows a strong nuclear localization activity induced phosphorylation of four major substrates with molecular masses of 100, 80, 50, and 45 kDa (Fig. 1a , lane 2). MT-NLS is a peptide with a single amino acid replacement in WT-NLS (see Fig. 7a ) and it possesses little nuclear localization activity [2, 4, 5] . RT-NLS is a peptide with a reversed amino acid sequence of WT-NLS (see Fig. 7a ) and shows a weak nuclear localization activity [6] . MT-NLS did not stimulate phosphorylation of the four endogenous proteins (Fig. 1a , lane 3) and RT-NLS only weakly stimulated phosphorylation of the same set of endogenous proteins (Fig. 1a, lane  4) . The stimulatory effect of these peptides correlated well with the nuclear localization activity of the peptides, suggesting a physiological meaning of the stimulation of phosphorylation of these substrates by the NLS-peptide. The results showed that cell lysates contain an NLS-peptide-dependent kinase.
Identification of the endogenous 100 kDa protein that was phosphorylated by the NLS-dependent protein kinase as Grp94, a glucose-regulated molecular chaperone of the Hsp90 family Among the four endogenous proteins that underwent NLSdependent phosphorylation, mobility of pp100 on SDS-PAGE corresponded to an abundant polypeptide in the cell lysates as revealed by CBB protein staining of the gel (data not shown). Cytoskeletal proteins and molecular chaperones are the two protein families whose cellular expression is most prominent. We noticed that the gel mobility of pp100 was close to that of major ER-resident glucose regulated molecular chaperone, Grp94. Grp94 (also known as Erp99, gp96, Hsp100, HSP90B1, or endoplasmin) is a member of the major Hsp90 molecular chaperone family and abundant in vertebrate ER. We added purified Grp94 protein in the phosphorylation mixtures of L cell lysates. The mobility of pp100 on SDS-PAGE was exactly the same as that of purified Grp94 (Fig. 1b) . In addition, Grp94 exogenously added to the mixture was phosphorylated by an endogenous kinase in a WT-NLS-dependent manner (Fig. 1b, lanes 1, 2) . The stimulation of phosphorylation of added Grp94 was less significant with MT-NLS or RT-NLS (Fig. 1b, lanes 3, 4) . The identity of pp100 as Grp94 was then confirmed by immunoprecipitation experiments. L cell lysates were mixed with the peptides in the presence or absence of purified Grp94, and incubated with [c-32 P]ATP. Grp94 in the phosphorylation mixture was then immunoprecipitated with an anti-Grp94 antibody and Protein G-Sepharose. As shown in Fig. 2a , endogenous Grp94 (lanes 1-4) and added purified Grp94 (lanes 5-8) was phosphorylated in an NLS-dependent manner and immunoprecipitated with the anti-Grp94 antibody. These results showed that pp100 is identical with Grp94, and suggested that the cell lysate contains an endogenous kinase that phosphorylates Grp94 in an NLS-peptidedependent manner.
Grp94 is an ATP-binding protein and possesses autophosphorylation activity [23] . To exclude a possibility that WT-NLS activated Grp94 autophosphorylation rather than phosphorylation by an NLS-dependent kinase, we examined the effect of the NLS-peptides on Grp94 autophosphorylation. When purified Grp94 alone was incubated with [c- 32 P]ATP in the same condition, we could not detect Grp94 autophosphorylation, and the addition of WT-NLS did not induce autophosphorylation of Grp94 (Fig. 2b,  lanes 1-4) . Grp94 is a glycoprotein and binds strongly to concanavalin A, so we could remove endogenous Grp94 from the L cell lysate using Con A-Sepharose. The flowthrough fraction without Grp94 was used as a source of the endogenous kinase and mixed with kinase-free purified Grp94 to reconstitute the phosphorylation reaction. Grp94 was phosphorylated with the Con A-flow through fraction and phosphorylation was stimulated by WT-NLS (Fig. 2b,  lane 6 
), but not by MT-NLS (lane 7) or RT-NLS (lane 8).
These results showed that the WT-NLS activated an endogenous kinase and induced phosphorylation of Grp94 in vitro.
Purification of the NLS-dependent Grp94 kinase and its identification as CK2
We then purified the putative NLS-dependent Grp94 kinase from the L5178Y cell lysate by biochemical sequential column chromatography. First, the cell lysate was applied to a Resource Q anion exchange column and each column , 7) , or RT-NLS (lanes 4, 8) was included in the mixture. As controls, no peptide was added (lanes 1, 5) fraction was tested for its phosphorylation activity to exogenously added Grp94 in the presence and absence of WT-NLS. As shown in Fig. 3a , we detected two Grp94 kinase activity peaks. A kinase activity in fractions 5-9 was rather inhibited by WT-NLS (lanes 1-6). A major peak activity in fractions 15-19 phosphorylated Grp94 in an NLS-peptide-dependent manner (lanes 11-16) . The latter fractions were collected and applied to a POROS-heparin column. A major Grp94 kinase activity was detected in fractions 12-15 ( Fig. 3b lanes 7-14) and a minor activity was in fraction 6-7 (lanes 1-4) . The major peak fractions showed the NLS-dependency. The major peak fractions were collected and the Grp94 kinase was further purified on a hydroxylapatite column (Fig. 3c ) and finally on a MonoQ anion exchange column (Fig. 3d) . In the last step, a sharp single peak of Grp94 phosphorylating activity was detected in fraction 9 (Fig. 3d, lane 7) . The protein profile of the purified Grp94 kinase in MonoQ column fractions was shown by silver staining in Fig. 4a . The purified kinase in peak fraction 9 (lane 4) was composed of two major polypeptides with molecular masses of 42 and 27 kDa. The molecular masses of these polypeptides corresponded to that of CK2a and CK2b. Indeed, western blotting analysis showed that the 42 and 27 kDa polypeptides were recognized by anti-CK2a and anti-CK2b antibodies, respectively (Fig. 4b) . The peptide-directed anti-CK2a antibody might also recognize CK2a 0 , hence, a minor band with a molecular mass of 40 kDa detected by silver staining and on the western blot could be CK2a 0 or a degradation product of CK2a. We then re-evaluated CK2 activity through all the column chromatography steps by a peptide-directed in vitro CK2 specific assay (Fig. 5) . The CK2 activity peak fraction numbers (fraction 17 in Resource Q, fraction 14 in POROS-heparin, fraction 9 in hydroxylapatite, and fraction 9 in Mono Q) were exactly identical with fraction numbers of the Grp94 kinase peaks (Fig. 3) .
CK2 is known to use GTP as a phosphate donor as comparable as ATP, which is one of the CK2-specific characteristics. We examined the effect of an excess amount of GTP on ATP-driven phosphorylation of Grp94 4) and exogenous (lanes 5-8) Grp94 (Fig. 6a) . In Fig. 6b , the phosphorylation sites of Grp94 were analyzed by V8 peptide mapping. Purified Grp94 was phosphorylated by purified CK2 (lanes 1-4) or by the NLS-dependent kinase in the cell lysates (Con A-flow through fraction) (lanes 5-8). Both kinases gave an indistinguishable V8 fragment pattern (Fig. 6b, compare lanes 3, 4-lanes 7, 8) . All of the silver staining profile, the western blotting analysis, the CK2 activity column profiles, GTP effect, and the V8 mapping experiments, altogether indicated that the purified Grp94 kinase is identical with CK2.
NLS-dependent phosphorylation of Grp94 by CK2 requires an additional factor While CK2 in cell lysates phosphorylated Grp94 in an NLSdependent manner (Fig. 6b, compare lanes 5, 6 with lanes 7,  8) , we noticed that purified CK2 phosphorylated Grp94 even without the NLS-peptide (Fig. 6b, lanes 1-4) . Indeed, when we incubated purified Grp94 with purified CK2 holoenzyme, CK2 phosphorylated Grp94 without the WT-NLS peptide (Fig. 6c, lane 5) , and WT-NLS, MT-NLS, or RT-NLS did not stimulate phosphorylation of Grp94 by CK2 (Fig. 6c, lanes 5-8, compare with Fig. 2b ). In the final MonoQ column chromatography step, CK2 in the peak fractions 8-10 phosphorylated Grp94 in a WT-NLS-independent manner (Fig. 6d) . Moreover, phosphorylation of several CK2 substrates, Hsp90, casein, and the CK2-substrate peptide, as well as autophosphorylation of CK2 in its b subunit was not affected by the NLS-peptide (data not shown). Therefore, WT-NLS should not be a direct activator of CK2. We concluded that purified CK2 holoenzyme phosphorylated Grp94 in vitro in an NLS-independent manner, whereas phosphorylation of Grp94 by CK2 was suppressed in cells and WT-NLS stimulated CK2-dependent Grp94 phosphorylation by releasing the suppression. There should be an additional factor in cells that is required for the NLS-dependency of Grp94 phosphorylation by CK2.
Discussion
In this study, we found that a peptide with a nuclear localization activity stimulated phosphorylation of an ER molecular chaperone Grp94 by an endogenous kinase in cell lysates. Evidence indicated that the kinase responsible for NLS-dependent phosphorylation of Grp94 is identical with CK2, a ubiquitous and evolutionary-conserved pleiotropic protein kinase composed of two a and two b subunits. Surprisingly, pure CK2 holoenzyme phosphorylated Grp94 efficiently, however, in an NLS-independent manner. This suggests that an additional suppressive factor in the cell lysate is required for the NLS-dependency of Grp94 phosphorylation by CK2. Fig. 5 CK2 activity assay in the sequential column chromatography steps. CK2 activity in each fraction in the column chromatography steps for purification of the Grp94 kinase was determined with a CK2-specific substrate peptide. The results are indicated as % activity of the peak fraction. a Resource Q; b POROS-heparin; c hydroxylapatite; d MonoQ. O original mixture before separation on the column; F flow-through fraction; W wash fraction. The fraction number in each column chromatography step with the peak activity is underlined Grp94 belongs to the Hsp90 molecular chaperone family and shares a significant sequence similarity with Hsp90. However, Grp94 is different from Hsp90 in many respects [26] . The intracellular localization of Hsp90 is mainly cytoplasmic, while Grp94 localizes in the ER [26] . The amino acid sequence of the C-terminal end of Hsp90 stops with ''EEVD,'' which is essential for its interaction with tetratricopeptide repeat-containing co-chaperones [27] . By contrast, the amino acid sequence of the C-terminal end of Grp94 is ''KDEL'' that is required for the retention of proteins in the ER [28] . Hsp90 functions in cooperation with many co-chaperones, including Cdc37, FKBPs, cyclophilins, and p23 [29] , whereas no co-chaperone for Grp94 was so far identified. The list of the client proteins of Hsp90 includes many cytosolic and nuclear signaling molecules such as protein kinases and transcription factors [30] , while the binding partners for Grp94 are proteins in the ER-resident protein quality controlling complexes [26] . Despite these differences, both proteins share an ability to bind to CK2 and to be phosphorylated by CK2. Hsp90 binds to the a catalytic subunit of CK2 [22] and protects CK2 from aggregating [24] . In addition, CK2 phosphorylates Hsp90 on several sites and modulates the molecular chaperone activity of Hsp90 [15, 31, 32] . Two major tryptic phosphopeptides from CK2-catalyzed canine Grp94 contained Ser306 and Thr786 [33] . In addition, Grp94 was shown to be a substrate of CK2 in cells [34] . Proteomic mass spectrometry approaches identified several phosphorylation sites of Grp94 in cells, including the same residues, Ser306 (pSDDEAAVE) [35] and Thr786 (pTDEEEETA) [36] . Both the phosphorylation sites agree nicely with the phosphorylation motif for CK2, so Grp94 should be phosphorylated by CK2 both in vitro and in vivo mainly on Ser306 and Thr786. The functional regulation of Grp94 by phosphorylation, however, has not been precisely revealed. Moreover, it remains unclear whether phosphorylation on both sites by CK2 is stimulated by the NLS-peptide.
Intimate functional relationship between Grp94 and CK2 has previously been suggested. Physical association and co-purification of CK2 with Grp94 were reported [23, 37] , and CK2a binds to the C-terminal domain of Grp94 [38] . The binding of the C-terminal domain of Grp94 protects CK2a from aggregation [39] . This effect is reminiscent of the protective role for Hsp90 toward CK2 [22, 24] .
The NLS of SV40 Large T antigen is a short sequence of a single series of basic residues. CK2 is known to be activated by stretches of basic amino acids such as polylysine and polyarginine [11] [12] [13] [14] . The NLS-peptide might thus activate CK2 just as polylysine or polyarginine do. Indeed, phosphorylation of sarcoreticulum proteins including Grp94 by CK2 was enhanced by the addition of polylysine [33] . However, our results suggested that this might not be the case, because the NLS-peptide activated CK2 only in the cell lysates, but purified CK2 could not be activated by the NLS-peptide. An additional suppressive factor in the cell lysate is required for the observed activation of CK2 by the NLS-peptide. Moreover, RT-NLS possesses the same amino acid composition as WT-NLS, but could not stimulate Grp94 phosphorylation by CK2.
The physiological importance of observed NLS-dependent phosphorylation of Grp94 by CK2 remains unelucidated in this study. Phosphorylation in the vicinity of the NLS plays a role in regulating nuclear protein import through modulation of NLS function in either a positive or negative way [10, 40] . CK2-dependent phosphorylation in the region near the NLS in SV40 Large T antigen (position -13, see Fig. 7b ) was reported to enhance the binding of importin family NLS receptors and increase the nuclear translocation of the protein [41, 42] . In many other nuclear proteins, including polyoma T antigen, nucleoplasmin, lamin A/C, c-Myc, Ad7 E1a, p53, and NF-jB p50, there is a CK2 phosphorylation site in the vicinity of the NLS [43] . Our results in this study suggest that the NLS in a nuclear protein interacts transiently with CK2 with a help of the putative suppressive factor X in cells (see Fig. 7c ) and thereby the basic amino acid stretch in the NLS sequence activates associated CK2. CK2 might then efficiently phosphorylate the nearby CK2-site in the same protein complex. After the dissociation of CK2 by phosphorylation, importin family proteins may recognize and bind efficiently to the NLS adjacent to the CK2-catalyzed phosphorylation site. This may be one of the molecular mechanism by which CK2 (and possibly other protein kinases) plays a role in positively or negatively controlling the efficiency of nuclear translocation. Phosphorylation of another set of protein substrates was previously shown to be stimulated in Xenopus oocyte and in Ehrlich ascites tumor cells by a different NLS-peptide [44] , and the kinase responsible for this phosphorylation seems to be different from CK2 [44] . In conclusion, our results suggest a possible role for CK2 in controlling nuclear protein translocation by unique NLS-dependent phosphorylation of a CK2 Fig. 7 a Amino acid sequences of WT-NLS, MT-NLS, and RT-NLS, and their nuclear localization potency. b The amino acid sequence of SV40 Large T antigen in the region containing the CK2 phosphorylation site and the NLS. The CK2 phosphorylation site is underlined (red-underlined in online version) in a light-shaded box (blue box in online version), and the NLS sequence is marked by a dark-shaded box (pink box in online version). c The schematic illustration showing a possible role for CK2 in phosphorylation of a common CK2 site near the NLS sequence on a nuclear protein. Binding affinity of importin to the NLS of the protein is enhanced by phosphorylation that is catalyzed by NLS-stimulated CK2 site in the vicinity of the NLS sequence in nuclear proteins. Identification of the additional factor that confers NLSdependency to CK2 is matters for future investigation.
